ABSTRACT The endochorion and exochorion of Drosophila eggs are synthesized by the ovarian follicle cells during a brief period of about 5 hr. In this terminal phase of egg chamber development, the structural genes for several abundant chorion proteins are expressed at high levels according to a temporally regulated program. The female-sterile mutation oceifiless maps at the site of the genes for two of these proteins, the 36,000-and 38,000-dalton chorion proteins (c36 and c38), which are closely linked. The mutation results in a cis-acting reduction in the amounts of c36 and c38 that accumulate in late-stage egg chambers. We have investigated the mechanism that underlies this decreased production by using cDNA clones compl'ementary to these gene sequences. Unexpectedly, it was found that, in normal females, the genes for c36, c38, and at least one other chorion protein are specifically amplified more than 10-fold in' the DNA of late-stage egg chambers. The extra replication involves at least some adjacent chromosomal sequences and begins prior to the onset of mRNA and protein synthesis. The additional DNA remains stable after gene expression has ceased.
The idea that cell differentiation occurs through the selective activation and repression of genes which are themselves equivalent in the different cells of an organism is widely accepted. However, numerous exceptions to the "rule" of DNA constancy are also known (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . In the oocytes of many species, the genes for rRNA are specifically amplified, presumably to allow production of large numbers or ribosomes which are incorporated into the egg (8, 9) . Amplification of genes coding for abundant proteins, however, has not been observed. No increase in the amount of DNA coding for silk fibroin occurs in the posterior silk gland (11, 12) . The gene for ovalbumin is present in the same concentration in the tubular gland cells of the avian oviduct as in other tissues (13) , and the genes for globins in the erythropoietic tissues of mammals and birds are not amplified (14, 15) . Furthermore, calculations (16) and direct measurements (17, 18) suggest that rates of transcription and translation are sufficient to allow a single gene to produce the observed amount of product during the course of differentiation of these cells. In all these cases, however, the cells are able to obtain sufficient quantities of mRNA by accumulating stable mRNA molecules over a period of several days. In other cases, such as during the synthesis of the insect eggshell by the ovarian follicle cells (19) (20) (21) (22) (23) (24) (25) (26) , a series of proteins are produced sequentially and at high levels within individual cells. Drosophila melanogaster is a dipteran insect that produces eggs and eggshells at a remarkably rapid rate. In this case the length of time a follicle cell produces a specific mRNA is about 1-2 hr (22) . In such cases the required synthetic rates may be higher than in cells accumulating stable RNA.
Prior to chorion gene expression, the follicle cells undergo several rounds of DNA replicbation in the absence of cell division, reaching a DNA content of 16 times the DNA content of the haploid germ-line genome (16c) by stage 8 (10) . Further increases take place, but exact doubling of the DNA content is no longer observed, suggesting the possibility of unequal replication of some sequences. At the time of onset of chorion gene expression late in stage 10, the follicle cell nuclei contain about 45c of DNA, a value which is not observed to increase further (10) .
A second consideration also suggested that alterations at the DNA level might occur in Drosophila ovarian follicle cells. We have reported (24) that the female-sterile mutant ocelliless results in a cis-acting reduction in the amount of two chorion proteins, of 36,000 and 38,000 daltons (c36 and c38), which are present in late-stage egg chambers and purified chorions. The structural genes for both proteins have been mapped at the site of the mutation near 7E11 on the X chromosome (24, 26) , where they are present in a single copy per haploid genome-in embryonic DNA (26) . Preliminary studies of the DNA from ocelliless females, however, suggested that it contains considerably less DNA complementary to these genes than does wild-type female DNA. We now report that specific amplification of the genes for both c36 and c38 as well as some flanking DNA sequences does occur in late-&tage egg chambers. The extent of this increase is less in ocelliless females. However, a high degree of amplification of at least one other chorion protein gene which is unlinked to c36 and c38 (26) Dounce homogenizer and proceeding as for whole-fly DNA. DNA concentrations were determined by the diphenylamine method (27) . Gel Transfer Hybridization. Drosophila DNA inserts purified by preparative electrophoresis of EcoRI-digested plasmids were labeled by nick translation in the presence of [32P]dATP to a specific activity of 4 X 107 cpm/,ug. DNAs were digested with EcoRI in 100 mM Tris-HCl, pH 7.5/10 mM MgCl2/50 mM NaCl at 370C. Completeness of digestion was tested by incubating a small aliquot of the reaction mixture separately in the presence of 0.4 ,ug of X DNA. Digested DNAs were separated, stained with ethidium bromide, and transferred to nitrocellulose according to Southern (28) . Prehybridization, hybridization for 36-48 hr, washing, and autoradiography were as described (26) .
Preparation of Drosophila cDNA clones. Dmc5F9 and Dmc5G2 are plasmids containing about 600 nucleotides of Drosophila DNA inserted in pBR322. They were selected from a library of cDNA clones prepared from the poly(A)-containing RNA of stages 11-14 egg chambers (26) . Dme8D10 was selected from the same library as a colony showing hybridization to poly(A)-containing RNA from early embryos but which did not react with RNA from stages 11-14 follicle cells.
RESULTS
Hybridization to Gel Blots for Assay of Chorion Gene Number. Probes can be hybridized to gel blots (28) under conditions that yield a signal proportional to the concentration of complementary sequences in the digested DNA (29) . To test for changes in chorion gene number, DNAs of interest were digested with EcoRI and gel blots were hybridized with a mixture of 32P-labeled cloned cDNAs complementary to two specific genes. One of these, Dme8D10, served as an internal control and the other was complementary to the chorion gene of interest. By comparing the absolute and relative intensities of specific restriction fragments labeled by each probe, differences in the concentrations of these genes in the DNAs could be determined. Fig. 1 describes some properties of Dme8D10 that are relevant to its use as a control in these experiments. Ovarian RNA selected by hybridization to plasmid DNA was translated in vitro into a 17,000-dalton protein (Fig. 1A) . In situ hybridization of RNA transcribed from Dme8D10 resulted in strong labeling at llF and a weakly labeled site at 47A in the salivary gland chromosomes (not shown). Hybridization of the 450-nucleotide Drosophila cDNA insert from the plasmid to several different restriction digests of genomic DNA indicated the presence of three or four bands containing complementary sequences. In the case of EcoRI digests, bands 2.6, 2.3, and 1.0 kilobases (kb) long were observed (Fig. 1B) . Thus, Dme8D10 is complementary to a small family of genes coding for a 17,000-dalton protein, which are present in euchromatic regions of the genome.
Wild-Type Females Contain Increased Amounts of Chorion DNA Which Are Present Only in the Ovary. Fig. 2 shows the hybridization of Dme8D10 and Dmc5F9 sequences to EcoRI digests of genomic DNA from various sources. Dmc5F9 is complementary to a single 4.0-kb EcoRI fragment that contains coding sequences for c36. The intensity of the 4.0-kb fragment relative to the 2.6-kb fragment labeled by Dme8D10, as well as its intensity per microgram of DNA, depends on the source from which the DNA is obtained. DNA Amplification During Oogenesis. The observation that DNA from the tissue expressing the c36 gene shows an increased hybridization with a probe specific for this sequence suggests that a differential replication of this gene takes place in the ovary. To relate the increased synthesis of chorion DNA to the time of its expression, DNA from groups of staged ovarian egg chambers were hybridized to the same probes used previously. A large increase in chorion gene labeling occurred, beginning at stages 9-10 ( Fig. 3B) . Egg chambers at stages 11-13, which synthesize c36 protein (21, 23) and its mRNA (22) , contained the largest concentration of this gene. Densitometer scans of the autoradiograms (Table 1) showed that the 4.0-kb band was increased, relative to the 2.6-kb band, by about 12-fold compared to egg chambers at stages 1-8. The relative labeling of the 4.0-kb and 2.6-kb bands was unchanged in DNA from stage 14 (20) . This decrease can be seen in Fig. 3A Fig. 2, lanes 1-5 (Table 1) . Amplification of a Chorion Gene Unlinked to Oceifiless Is Not Decreased. The lesion in ocelliless maps to the site of the c36 and c38 structural genes. Experiments similar to those described above but using a probe specific for c38 gene sequences demonstrated that the replication properties of this gene in wild-type and ocelliless DNA from females were indistinguishable from those of c36 (not shown). To see if the mutation affected the behavior of an unlinked chorion gene, the experiment of Fig. 3 was repeated using a probe specific for the c18 gene, which is located at 66D15 (26) . As in the case of c36 and c38, a large amplification of the 7.4-kb DNA fragment containing the c18 gene occurred in egg chambers during and after stage 10 (Fig. 4) . Unlike the genes closely linked to ocelliless, however, no reduction in the amount of DNA complementary to the c18 gene was seen in DNA from ocelliless egg chambers. The increased labeling of c18 sequences observed was even greater than in the case of c36 and c38. Because of the extreme differences in the intensities of the 7.4-kb and 2.6-kb bands in stages 11-14 egg Differential replication of specific nuclear DNA sequences can involve extrachromosomal molecules (32) or may take place on the chromosome itself (3, 33, 34) . In the case of the DNA puffs that occur in the salivary gland of Rhynchosciara (3), a specific poly(A)-containing RNA whose production is correlated with the presence of a major DNA puff has been shown by in situ hybridization to contain sequences that are complementary to the puffed region (35) (22) . Although this is consistent with the idea that amplification is required, more detailed measurements of the actual kinetic variables are needed. A disruption in the amplification of the genes for c365and c38 occurs in females homozygous for ocelliless. As a result, the number of copies of these genes is reduced in stages 11-13 egg chambers where they are normally expressed. This provides an explanation for the simultaneous reduction in the production of two proteins by the mutation. No changes in the size of restriction fragments containing chorion genes were observed during amplification in wild-type or ocelliless egg chambers. Because the c36 and c38 structural genes are only separated by about 2 kb in the genome (unpublished data), this suggests that the mutation reduces the replication of a contiguous region of DNA that contains both genes.
Is differential replication of protein-coding genes confined to the polyploid tissues of certain flies? If amplification of genes involved in the rapid production of a protein does occur in diverse classes of organisms, it might be found in cells that produce a succession of abundant polypeptides rather than a single superabundant one. Few such cases have been tested. Certainly, the occurrence of specific gene amplification in mammalian cells in response to selective agents (33, 37) suggests that this type of control mechanism may be of more general significance.
